Narrow-linewidth erbium-doped fiber lasers of monolithic multiple linear cavity configurations that use intracore fiber grating reflectors are demonstrated.
Narrow-linewidth monolithic fiber lasers that use intracore fiber grating reflectors'6 holographically written in optical fiber', 8 are of considerable interest for various applications in fiber-optic communications and instrumentation. At present, standing-wave single-frequency erbium fiber lasers that utilize two grating reflectors for cavity feedback and wavelength selectivity have been reported.'-To suppress mode hopping caused by spatial hole burning in the amplifying medium, some authors achieved effective longitudinal mode discrimination by reducing the cavity length to a few centimeters such that the laser mode spacing became comparable with the grating bandwidth. 2 3 Robust, continuously tunable operation of these lasers has been demonstrated. Along with single-frequency lasers, dual-frequency fiber grating laser sources that use two isolated singlefrequency lasers and single-ended pumping have recently been reported. 5 ' 6 An alternative approach to longitudinal mode control in a laser resonator is the use of multiplecavity laser structures (coupled-cavity lasers). This technique was previously successfully employed for single-frequency operation in semiconductor laser technology with various coupled-cavity laser geometries.' 2 A dual-frequency semiconductor laser has also been demonstrated in a Mach-Zehnder cavity configuration.' 2 Here we demonstrate totally integrated coupledcavity erbium-doped fiber lasers for both single-and controlled dual-frequency operation. The implementation of fiber grating reflectors permits the design of miniature integrated and highly stable longitudinal laser geometries with multiple passive and active Fabry-Perot resonators. A standing-wave singlefrequency laser with an external passive etalon reflector is reported. This approach for efficient mode discrimination is found to be an alternative to the reduction of the laser length to dimensions of -1-2 cm. A dual-frequency laser configured by two coupled active cavities is also demonstrated.
The laser provides a high stability of frequency separation.
The configuration of the fiber grating laser with an external 6talon reflector is schematically illustrated in Fig. 1 . The laser cavity was formed by three fiber grating reflectors, G1, G2, and G3, holographically written in germanosilicate fiber. Their respective grating reflectivities at maxima were 90%, 80%, and 10%, and they had bandwidths of less than 0.3 nm. The center wavelengths of the gratings were matched to ensure optimum overlapping of the reflection spectra. The gratings were written by a frequency-doubled argon-ion source operating at 244 nm in association with a holographically written mask. More than 100 mW of power was diffracted into two beams with one phase grating etched into UV-transmitting silica. These beams were recombined at the fiber by use of the internal reflections from a rectilinear prism to direct the beams together. 6 8 " 3 A cylindrical lens placed before the diffraction grating produced a line focus at the fiber. The central wavelength of the reflection grating could thus be defined and repeatedly written.
The laser cavity was formed by gratings G1 and G2 spliced to a 1-cm length of heavily doped erbium fiber (EDF) with an absorption of -120 dB/m at 1530 nm. Grating G3 was spliced 1.7 cm from G2.
Thus gratings G2 and G3 formed a passive external fiber grating 6talon that provided a feedback into the lasing cavity. The laser was pumped through a wavelength-division-multiplexed coupler (WDM) by a Ti:sapphire laser operated at 980 nm, and it was isolated (ISO) from reflections by an output optical isolator and fiber end termination (T), as shown in The external 6talon was introduced into the laser to improve the longitudinal mode discrimination. Without the external resonator, the laser operated in single-frequency mode near threshold; however, the pump instability and temperature fluctuations could cause occasional mode hops. Implementation of the external 6talon made the laser robustly single mode in operation well above the threshold. The single-frequency operation was stable to power variations, changes of temperature over a few tens of degrees, and uniform stress. These perturbations led to tuning of the operational wavelength and output power. The laser spectrum measured with a scanning Fabry-Perot interferometer demonstrated single-frequency operation [ Fig. 2(a) ]. The laser linewidth was -40 kHz as measured with a conventional heterodyne technique with a resolution of -10 kHz. The pump threshold was -50 mW, and the laser provided 0.4 mW of output power at a pump power of -200 mW. The laser output had a stable well-defined polarization state. The effect of the external resonator is illustrated in Fig. 2(b) , which shows the calculated mode spectrum of the laser with and without external cavity. The laser feedback was determined as the product of the reflectivities of the cavity end mirrors. Without the external 6talon, this product had a bandwidth of -28 GHz, which was considerably more than the mode spacing (-2 GHz).
The external 6talon provided a modulation of the reflection spectrum with a period of -7 GHz, and the half-period was approximately equal to the laser mode spacing. This introduced considerable improvement of the laser wavelength selectivity.
The laser did not suffer from extreme self-pulsation as observed in short lasers 3 and recently discussed in Ref. 14. The self-pulsation was suppressed by a proper laser design, namely, the length of the erbium fiber in the cavity was chosen to be at least 3-4 times less than the total laser length. However, the laser occasionally exhibited output power fluctuations of a few percent, caused, we believe, by the fluctuations in the pump power.
A novel modification of a coupled cavity laser as shown in Fig. 3 was used for dual-frequency operation. The laser had a longitudinal configuration with two laser cavities, formed by fiber grating reflectors G1-G2 and G3-G4 spliced to erbium-doped fibers. The center wavelengths of the reflection spectra of gratings Gi and G2 were identical, A, 2 = 1544.8 nm. Gratings G3 and G4 were centered at A 3 , 4 = 1545.3 nm. Gratings GI, G2, G3, and G4 had peak reflectivities of 95%, 81%, 84%, and 92%, respectively, and their bandwidths were 0.3-0.4 nm. The reflection spectra of gratings G1-G2 and G3-G4 were slightly overlapped, such that the wings of each pair provided -10-15% cross reflectivity at the center wavelength of the other. The laser was single end pumped similar to that shown in Fig. 1 . Thus the two active cavities were coupled through feedback provided by the wings of the gratings' reflection spectra. The frequency modes of the laser cavities were hence coupled, forming a complicated supermode structure. This laser was suitable for stable dual-frequency operation. Each frequency mode was dominantly generated in spatially separated laser media. However, the coupling between the cavities provided an enhanced longitudinal mode discrimination and stability of frequency separation.
The laser dual-wavelength operation with separation of 0.47 nm is illustrated by Figs. 4 and 5 . The Fabry-Perot interferometer trace [ Fig. 4(a) ] demonstrates that the spectrum consisted of two longitudinal modes. The pump power threshold was -40 mW. Near the threshold, single-frequency lasing was observed. Stable dual-frequency operation occurred above 80 mW, and the laser provided as much as 0.5 mW of output power at 300 mW of pump power at 980 nm. The two modes had different polarization states. To ensure a single-polarization output, a polarization-sensitive isolator was used at the laser output. The relative line intensities could be adjusted with a polarization controller. This laser had high stability of the frequency separation. Note also the presence of the two small peaks in the heterodyne spectrum of the dual-frequency laser associated with the reflections from two external reflectors into each laser cavity. All these facts prove the coupled nature of the lasing modes of the dual-frequency laser. Thus we expect the beating bandwidth of the two frequencies to be comparable with the laser linewidths. Long time variations of the frequency separations was associated with a relative temperature changes of the two laser cavities, stress, or a change of pump power. For instance, by changing the pump power by 15% we could change the frequency separation between the lines by 30 MHz. We believe that this effect is associated with relative changes in the temperature in the laser cavities, proportional to the absorbed power in the erbium-doped fiber. This may be used for further active stabilization of the frequency separation.
In conclusion, we have demonstrated totally integrated narrow-linewidth coupled-cavity fiber lasers that incorporate fiber grating reflectors capable of operating in single-and dual-frequency modes. Such lasers can find applications in a wide range of instrumentation, such as signal generation, mixers, stable oscillators, and soliton and narrow-linewidth coherent sources.
